Into the groove: Can rhythm influence Parkinson's disease?  by Nombela, Cristina et al.
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Previous  research  has  noted  that  music  can improve  gait  in several  pathological  conditions,  including
Parkinson’s  disease,  Huntington’s  disease  and stroke.  Current  research  into  auditory-motor  interactions
and  the  neural  bases  of  musical  rhythm  perception  has  provided  important  insights  for  developing
potential  movement  therapies.  Speciﬁcally,  neuroimaging  studies  show  that  rhythm  perception  acti-
vates  structures  within  key motor  networks,  such  as premotor  and  supplementary  motor  areas,  basal
ganglia  and  the  cerebellum  – many  of which  are compromised  to varying  degrees  in Parkinson’s  disease.arkinson’s disease
usic
hythm
otor  training
ait
adence
It  thus  seems  likely  that automatic  engagement  of  motor  areas  during  rhythm  perception  may  be the
connecting  link  between  music  and  motor  improvements  in  Parkinson’s  disease.  This  review  seeks  to
describe  the  link,  address  core  questions  about  its underlying  mechanisms,  and  examine  whether  it can
be  utilized  as  a compensatory  mechanism.
© 2013  The  Authors.  Published  by  Elsevier  Ltd.  Open access under CC BY license.
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“Every disease is a musical problem; every cure is a musical other complex types of animal movement enable efﬁcient explo-
solution” (Novalis).
In the seventeenth century, the English physician William Har-
ey described animal movement as “the silent music of the body”
Harvey, 1627–1959). Walking, swimming, crawling, ﬂying, and
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Open access under CC BY license.ration of different habitats, and although each is an inherently
distinctive method of locomotion, all share a natural equipoise and
ﬂuency enabling swift sensorimotor responses to the environment.
This smooth, graceful, “melodic” ﬂow of movement is compromised
in patients with Parkinson’s disease.
One of the cardinal symptoms of Parkinson’s disease (PD)
is diminished ability in walking or gait. Patients demonstrate
difﬁculty regulating stride length (Morris et al., 1996), reduced
velocity, ‘freezing’ of gait and increased cadence or step rate (as
demonstrated in Fig. 1) (Knutsson, 1972). Despite the success of
pharmacological therapies in ameliorating some features of PD, gait
deﬁcits can be resistant to medication and over time become one
of the most incapacitating symptoms (Blin et al., 1990).
One  origin of gait impairment is deﬁcient internal timing, the
mechanism that precisely times and coordinates every movement
C. Nombela et al. / Neuroscience and Biobehavioral Reviews 37 (2013) 2564–2570 2565
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nig. 1. Schematics of various gait parameters in PD patients with and without rhyth
y short stride, high cadence, and asymmetry of the steps, which are not synchron
eats, with longer stride length, lower cadence, and more symmetrical steps, typica
f our body (Jones et al., 2008; Wearden et al., 2008). In PD, the
rregular timing of walking pace suggests a disturbance of coordi-
ated rhythmic locomotion (Ebersbach et al., 1999; Skodda et al.,
010; Thaut et al., 2001). Music rehabilitation program make use
f acoustic stimuli that enhance the connection between rhyth-
ical auditory perception and motor behaviour (Thaut, 2005),
nd aim to elicit sustained functional changes to movement in
atients, improving quality of life and reducing reliance on medi-
ation (Rochester et al., 2010b). Although the beneﬁcial effects of
usic on gait in PD were initially reported some years ago (Miller
t al., 1996; Thaut et al., 1996), more recent work has used music to
omplement pharmacological therapy. A number of studies have
emonstrated that musical rhythm can improve gait and there is
eneral agreement about the promising value of music therapy
n PD (Arias and Cudeiro, 2008; Fernandez del Olmo and Cudeiro,
003; Lim et al., 2005; Rochester et al., 2009; Satoh and Kuzuhara,
008; Thaut and Abiru, 2010).
However, the scientiﬁc basis for the effects of music and rhythm
n gait needs reviewing. A precise description of how music inﬂu-
nces motor function is essential for designing effective therapeutic
rogrammes in PD. Furthermore, alternative measures, such as
eurosurgical treatments, are not suitable for all patients, are
xpensive and may  result in additional complications, which make
heir application or widespread use challenging. Additionally, phar-
acological therapy does not solve gait problems in the long term.
fter years of examining the effectiveness of rhythm on PD, it is now
ecessary to discuss: (1) what makes rhythm effective, (2) what
ther tools, such as neuroimaging, have added to current music-
otor knowledge and, (3) which questions remain unanswered
egarding motor rehabilitation for PD. In this review we discuss the
ffects of music on movement, provide an explanatory framework
f the neural mechanisms that underlie the processing of musi-
al rhythm, describe how rhythm triggers the motor network, and
ink this evidence to different Neurological Music Therapies (NMT)
ssayed to date.
.  Why  is rhythmically modulated sound a good
herapeutic key for tuning motor function in PD?
The  improvement of patients’ gait in the presence of exter-
al regulatory rhythmical stimuli has been known for over fortytrainment. The top section depicts a walking pattern before training, characterized
ith the music beats. The lower section shows entrainment of gait to the rhythmic
more stable gait.
years:  early studies described functional connections between the
auditory and motor system (Rossignol and Jones, 1976). Years
later, Thaut and colleagues described how rhythmical auditory
stimulation could inﬂuence the motor system (through muscle
entrainment to auditory stimuli) in PD patients, improving gait
parameters such as speed, cadence and stride length (Thaut et al.,
1996). These ﬁndings were conﬁrmed by other studies (Hurt et al.,
1998; McIntosh et al., 1997; Miller et al., 1996; Thaut et al., 2001)
that showed that beneﬁcial effects on walking speed persist (albeit
brieﬂy) even after stimulus presentation has stopped (McIntosh
et al., 1998; Nieuwboer et al., 2009a).
A systematic review (Lim et al., 2005) of the use of rhythmic
stimuli in PD supports the effectiveness of auditory stimulation
compared to other types of stimulation such as visual, somatosen-
sory (tactile), or combined auditory and visual cues. Studies using
auditory cues provided reliable evidence for improved walking
speed, stride length and cadence. Although both visual and auditory
stimuli may  improve gait in PD (Lim et al., 2005), the characteristics
of the human auditory system make it a better therapeutic target for
two main reasons: (i) reaction times for auditory cues are 20–50 ms
shorter than for visual or tactile cues; (ii) the auditory system has a
strong bias to detect temporal patterns of periodicity and structure,
compared to other sensory systems (Thaut et al., 1999a).
Temporal patterns, or timing mechanisms, are necessary for
coordinating precise and structured movements (e.g. handwriting,
typing, talking, and walking). In pathological conditions, if faulty
timing processes lead to impaired motor performance, musical
rhythm could be used to inﬂuence the motor system: The temporal
sensitivity of the auditory system in combination with the strong
temporal characteristics of music (rhythm) can potentially provide
a regularizing temporal input to the motor system. Most NMTs have
used a strong ‘beat’ to help initiate movement. A beat is a series of
regular, recurring acoustical events. Phenomenologically, beat (or
pulse) can be considered a percept; “a response to patterns of tim-
ing and (depending on the theorist) stress in the acoustic rhythm”
(p. 190) (Large, 2008) which generates a strong temporal expec-
tation of subsequent beats. Although the beat is initially derived
from the auditory stimulus, rhythm can also induce an internally
generated sense of beat and once the pattern has been established
it can continue in the mind of the listener even when the rhythm
pauses (Benjamin, 1984; Lerdahl and Jackendoff, 1983; Palmer and
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rumhansl, 1990). The process of synchronizing endogenous sen-
ations of beat with an external rhythm of movement is termed
ntrainment (Fig. 1).
.  How does music facilitate movement?
Entrainment constitutes the basis of therapeutic music pro-
rammes, because a rhythmically structured sound pattern (such
s a simple dance tune) creates an anticipatory template of a time
equence marked by beats, which can be used as a continuous
eference to map  movements. This rhythmical auditory structure
ay facilitate movement by enabling the timing of muscle acti-
ation to synchronize to the temporal structure of beats in the
ound pattern. Neural connections between the auditory and motor
ystems could explain this facilitation. Sounds can exert an inﬂu-
nce on the motor pathway, via reticulospinal connections, which
rime and alter timing of spinal motor neuron activity (Paltsev and
lner, 1967; Rossignol and Jones, 1976). Connections between the
uditory and motor systems have been described along the phylo-
enetic scale (from ﬁshes to mammals, Mirjany et al., 2011) and are
sed to explain the ‘auditory startle reﬂex’ (Lee et al., 1996), a very
apid behavioural response to sudden sounds. In particular, animal
odels have been used to examine the neural pathways facilitating
his fast response. Double-labelling experiments in rats (Nodal and
opez, 2003) demonstrate that cochlear root neurons (CRNs) in the
uditory nerve project bilaterally to sensorimotor paths, includ-
ng synapsing on reticulospinal neurons, which could constitute
ne of the shortest possible circuits for the auditory startle reﬂex
Lee et al., 1996). In this context, sound can directly increase the
xcitability of the spinal motor neurons, thereby reducing the time
equired for the muscle to respond to a given motor command.
dditional evidence from other species indicates the consistency
f motor-auditory connections: in monkeys direct projections from
he auditory cortex to putamen are described (de la Mothe et al.,
006). Empirical testing is still required to further understand how
hythm might facilitate regular motor movements.
In addition to animal models, connections between the audi-
ory and motor systems, in humans have also been described.
euroimaging studies have examined perceptual and motor syn-
hrony, revealing increased coupling of neural activity between
uditory and premotor cortex during rhythm processing (Chen
t al., 2006; Grahn and Rowe, 2009), even at a pre-attentive level
Tecchio et al., 2000). Critically, brain areas involved in rhythm
rocessing are closely related to those which subserve movement,
uch as the premotor cortex, supplementary motor area (SMA),
erebellum and basal ganglia (Bengtsson et al., 2009; Chen et al.,
008; Grahn and Brett, 2007; Lewis et al., 2003; Mayville et al.,
001; Schubotz and von Cramon, 2001; Ullen and Bengtsson, 2003).
he basal ganglia, particularly the putamen, is involved with the
equencing of rhythmic events (McIntosh et al., 1997) and may
nable ‘feeling the beat’ (Grahn and Rowe, 2009). The cerebellum,
lso implicated in sensorimotor associations, may  control rhythmic
uditory-motor synchronization by monitoring rhythmic patterns
nd adjusting behaviour to changing tempos (Bijsterbosch et al.,
011; Thaut et al., 2009). This sensory-motor coupling, in which
uditory information drives motor action, has been described in
ealthy volunteers (Chen et al., 2008) and seems to be functional
n neurodegenerative diseases such as PD (Miller et al., 1996) and
untington’s disease (Thaut et al., 1999b), as well as in patients
ith stroke (Thaut et al., 2007, 1997) and traumatic brain injury
Hurt et al., 1998)..  How are timing mechanisms affected in PD?
Synchronization of movement with rhythm requires contin-
ous entrainment and discrete error correction. This processvioral Reviews 37 (2013) 2564–2570
improves  gradually with practice, becoming automatic (Repp,
2010). Parkinson’s disease patients experience difﬁculty in exe-
cuting automatized movements (Rochester et al., 2010a), such as
walking, that are related to dopaminergic function. During healthy
motor performance, the basal ganglia and SMA  establish a func-
tional loop that maintains adequate preparation for sequential
movements. The SMA  prepares for predictable forthcoming move-
ment, keeping a “readiness” state. Once the movement starts, the
SMA  readiness activity stops. This cycle engages with basal gan-
glia discharges after each sub-movement within an automatized
sequence (Mushiake et al., 1990). The loop requires an internal cue
to coordinate the cycle. However, in PD this internal cue is impaired,
delayed, or missing.
In  healthy adults, accurate temporal processing relies on a com-
plex network that includes the putamen, and other structures
within the basal ganglia that depend on dopaminergic innerva-
tion (which is severely depleted in PD). In addition, other areas
are implicated in timing, including the inferior parietal cortex,
cerebellar vermis, anterior and posterior cerebellar hemispheres
(Thaut, 2003), SMA, pre-SMA, and premotor cortex (Lewis and
Miall, 2003; Wiener et al., 2011). During the initial stages of the
disease, these areas may  provide compensatory assistance to the
basal ganglia in response to auditory cues (Eckert et al., 2006; Lewis
et al., 2007). In accordance with this idea, a dedicated temporal
processing network has been described by Kotz and Schwartze
(Kotz and Schwartze, 2010, 2011). This subcortico-thalamo-cortical
network  includes the cerebellum, basal ganglia, pre-SMA and SMA,
which are important for implementing sequential actions. These
areas are differentially affected during the neurodegenerative pro-
cess in PD: at a preclinical stage, hyperactivity in the pre-SMA
during action sequencing may  be a compensatory mechanism for
initial dysfunction, and this compensatory mechanism may be ini-
tiated by the cerebellum. In more advanced stages, a selective loss
of pyramidal neurons in the pre-SMA may  cause under activity in
this region, accompanied by poor temporal processing (Kotz and
Schwartze, 2011). Neurological motor therapies try to strengthen
alternative pathways based on existing connections. The develop-
ment of compensatory mechanisms for impaired motor loops is the
key for PD motor rehabilitation.
4.  How does rhythm facilitate timing mechanisms in PD?
The  capacity of the auditory system to enhance motor per-
formance is used in neurological therapies (Thaut et al., 1999a)
for rehabilitation purposes (de Bruin et al., 2010). Different audi-
tory cues (for example, just a metronome tone, a metronome tone
embedded into music or just music), are combined with musical
parameters (such as rhythm or metre), to emphasize the regular
beats in the auditory rhythm. These well-deﬁned sensory cues help
regulate timing and pace in walking (Thaut et al., 2001). These cues
may  also act as an internal clock that helps to regulate the deﬁ-
cient internal timing and rhythm formation processes in PD (Pastor
et al., 1992). Music training programmes can be effective in PD, as
patients are able to identify simple rhythms (Skodda et al., 2010),
although they may  be impaired at discriminating rhythm changes
(Grahn, 2009; Grahn and Brett, 2009). In addition, they do not gen-
erally report difﬁculty in sensing a regular beat or enjoying music
(Nombela et al., 2013). One issue in determining how NMT  helps
patients is an apparent paradox between neuroimaging and patient
studies. Previous fMRI work has shown that the putamen responds
to rhythmic stimuli that induce a sense of beat (Grahn and Brett,
2007; Grahn and Rowe, 2009). However the putamen is thought to
be one of the most affected regions in PD (Kish et al., 1998), which
invites the question: how can rhythm improve movement in these
patients?
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Fig. 2. Auditory-motor action coupling schema. The schema represents how cue-
ing beneﬁts may  be associated with the activation of cerebellum-thalamic-cortical
circuitry. According to sensorimotor synchronization studies using neuroimaging
studies  comparing pre and post-therapy, external vs. internal cueing may use dif-
ferent pathways to reach the same key areas. This schema is based on RESCUE
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Box 1: Example of a Rhythmic Auditory Stimulation
(RAS) program (Thaut et al., 1996)
One example of a typical Rhythmic Auditory Stimulation (RAS)
protocol  [59]:
Baseline pre-training measures (without auditory rhythmical
stimulation): velocity, stride length, step cadence and elec-
tromyography activation pattern for the gastrocnemius and
tibialis  anterior muscles. Instructions are to walk at usual pace.
1st  training week: Patients walk on a ﬂat surface listening to
music  in which the beat has been emphasized. Three different
tempos  are used: music is presented at the patients’ normal
pace  (“normal rate”), between 5% and 10% faster than nor-
mal  (“quick rate”) and 15–20%faster than normal (“fast rate”).
The  music type may  be selected from four short instrumental
music pieces (e.g. folk, classical, jazz, country). Instructions are
to walk in time with the beat.
2nd training week: Each tempo becomes 5–10% faster than
previous  week.
3rd  training week: Each tempo becomes 5–10% faster than pre-
vious  week.
Pre-training measures are acquired again, without auditory
rhythmical stimulation. Instructions are to walk at usual pace.
In  a past study, velocity increased by 25%, stride length by 12%onsortium  references (Nieuwboer et al., 2009b). Pre-SMA: Pre-supplementary
otor  area; SMA: Supplementary motor area; MI:  Primary motor area; PMA: Pre-
otor area; Th: Thalamus; Put: Putamen.
One potential method to stimulate the putamen could be music
s a provider of a strong rhythmical cue. This type of externally pro-
ided cue may  be used as a replacement to the ‘internal clock’ to
acilitate synchrony of movements (Fig. 2). Several imaging stud-
es have demonstrated that self-initiated or self-paced movements
re impaired in patients, with concomitant reductions in puta-
en and related cortical and cortico-striatal activity (Hallett, 2008;
aslinger et al., 2001; Playford et al., 1992; Wu  et al., 2010). In con-
rast, externally paced movements in response to either a tone or
 visual cue do not show such severe impairments (Hughes et al.,
010; Jahanshahi et al., 1995). Extrinsic cues are known to facilitate
ovement (Hallett, 2008), and may  provide the input for sequential
ovements, such as stepping, by reducing the reliance on deﬁ-
ient automatized processes, (Morris et al., 1996). Thus rhythmical
usic may  drive sensorimotor network activity, either by bypass-
ng or facilitating the impaired basal ganglia-SMA loop, enabling
mprovements in gait.
.  Standardized neurological motor therapy in PD: RAS
Rhythmic Auditory Stimulation (RAS) is one of the earliest and
ost popular NMTs. It was designed to facilitate rehabilitation of
ovements that are intrinsically rhythmical (for example, gait).
herefore, the most prominent application of RAS is to gait dis-
rders, for example, in Parkinson’s patients (Freedland et al., 2002;
ieuwboer et al., 2007), stroke (Thaut et al., 1997) and traumati-
ally brain injured patients (Hurt et al., 1998). The effectiveness of
AS made it a model for subsequent programmes (Box 1). Typically,
AS utilizes simple metronome beats matched to the patient’s base-
ine gait. Beats can also be emphasized by embedding metronome
eats in a musical pattern to encourage rhythmic entrainment.
fter patients entrain their movement to the beat, the rhythm is
hen sped up from 5% to 10% over baseline to a pace still comfortable
or the patient. Theoretically, as patients practice walking at faster
ates, a general coordination of timing and sequencing of move-
ents would take place through the enhancement of motor system
unction (Thaut, 2005). Alternative versions of RAS have included
etronome sounds embedded in expert-selected (McIntosh et al.,
997) or patient-selected music (Thaut et al., 1996). Other pro-
rammes have combined auditory stimulation (metronome) with
dditional motor training, as in the Physical Rehabilitation Programand  step cadence by 10%. Shape variability and asymmetry
decreased in gastrocnemius and tibialis anterior muscles.
(PRP) (del Olmo et al., 2006) which reduced temporal variability
of gait. PRP consists of 20 sessions that synchronize gait to the
metronome tone, combined with gradually more complex upper
limb exercises. Further variations are based on music plus relax-
ing images and body expression in Active Music Therapy (AMT)
(Pacchetti et al., 2000). Finally, external cueing can be substituted
by internal generation of the rhythmical signals by internal, covert
singing (Satoh and Kuzuhara, 2008).
The positive effects of RAS and its subsequent variations are
improvements in gait velocity, cadence and stride length (Thaut
et al., 1996). It is more effective in patients ‘on’ their normal
dopaminergic medication than when ‘off’ medication, and can gen-
erate positive short-term carry-over effects on movement after
rhythmic cueing has stopped (McIntosh et al., 1998, 1997). Other
beneﬁcial outcomes include increases in the symmetry of muscle
activation in legs and arms, as well as diminished timing variability
(Fernandez del Olmo and Cudeiro, 2003; Miller et al., 1996; Thaut
et al., 1998), both of which result in more stable walking (Thaut
et al., 1999a). There are very few studies comparing the effective-
ness of RAS based on individual variability in UPDRS scores (Lim
et al., 2005). Arias and Cudeiro reported beneﬁts in all patients
in their study after RAS, but found that the most severe patients
beneﬁted the most (Arias and Cudeiro, 2008), suggesting that RAS
efﬁcacy is dependent upon individual characteristics.
The effect of auditory stimulation on ‘freezing’ in PD has also
been evaluated. Rhythm appears to positively affects gait: dur-
ing auditory stimulation, PD patients with more severe symptoms
(H&Y stage III) experienced signiﬁcantly fewer and shorter freez-
ing episodes than before stimulation (Arias and Cudeiro, 2010) and
took longer steps than patients with lower UPDRS scores (Arias
and Cudeiro, 2008). However, patients with less severe symptoms
overall, but who freeze, may  not beneﬁt as much from RAS, and may
even experience stride length decreases (Willems et al., 2006).
Research  in the ﬁeld does not always support the beneﬁts of
music training on gait. Negative effects of RAS were evident when
auditory cues were presented at rates of 20% slower than the pre-
ferred gait, reducing temporal stability in both PD patients and
controls (del Olmo and Cudeiro, 2005; Ebersbach et al., 1999).
Plain metronome beats (60–150 beats per minute, bpm) not based
on the patient’s baseline cadence may  even decrease step length
2568 C. Nombela et al. / Neuroscience and Biobehavioral Reviews 37 (2013) 2564–2570
Table  1
Basic  concept for RAS (Lerdahl and Jackendoff, 1983; Palmer and Krumhansl, 1990; London, 2004).
Concept Deﬁnition
Rhythm A pattern of durations or time intervals, delineated by the sequential onset of events in a stimulus sequence.
Inter-onset-intervals Time between the beginning of one time interval and the following one. IOI provides the duration of each
temporal  interval in a rhythm
Beat  Equally spaced recurring saliences that derive from rhythm. Also called ‘pulse’ or ‘tactus’. Is spontaneously
perceived  when listening to regular rhythm.
Cadence Number of steps per unit time.
Stride  amplitude Step length. The distance travelled in a single step.
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Pattern Temporal structure deﬁned by t
Gait  The rhythmic alternation of the 
nd gait cadence when set too low (60 or 90 bpm) or too high
150 bpm) (del Olmo and Cudeiro, 2005; Howe et al., 2003). Sim-
lar impairments (decreased walking speed and step length) are
bserved in the absence of explicit instructions to synchronize
alking pace with the beat, listening to freely chosen music that
oes not control for metre, rhythm or rate (Brown et al., 2009),
nd combining music with other cues, such as tactile stimulation
Enzensberger et al., 1997). These negative effects may  be caused by
he diversion of attention to an additional task unrelated to walking,
hich increases the cognitive load (Brown et al., 2009; Rochester
t al., 2009). Directing attention speciﬁcally to the movements can
e facilitatory, possibly because this reduces the automaticity of
ctions, which is impaired in PD (Morris et al., 1996). However,
ven during dual tasks, RAS can have beneﬁcial effects on walk-
ng (Rochester et al., 2005). Thus, when the intervention increases
emands or divides attention (either synchronizing gait to a non-
atural pace or adding cognitive demands to walking), it reduces
he therapeutic value of music-motor programmes.
Music interventions in PD alter activity in motor and tempo-
al processing networks. Fernandez del Olmo and Cudeiro (2003)
escribe the increased glucose uptake in the right anterior lobule of
he cerebellum and dentate nucleus as well as the right temporo-
arietal junction (involved in temporal encoding/decoding) after
usical rhythm therapy. According to the authors, increased activ-
ty in the cerebellum might mean access to an alternate pathway
o compensate for the damaged basal ganglia-SMA-prefrontal cor-
ex path. This hypothesis is supported by previous studies in which
xternally driven movements in PD were related to increased activ-
ty in the cerebellar-parietal-premotor cortex pathway (Debaere
t al., 2003).
able 2
he  table shows the beneﬁts associated to RAS variations (Metronome stimulation and
etronome beats vs. music, which indicated that it is the metronome stimulation by its o
alk  40 m (Enzensberger et al., 1997; Lim et al., 2005; Arias and Cudeiro, 2008; Brown 
ernandez del Olmo and Cudeiro, 2003; Freedland et al., 2002; Ito, 2000; Ledger et al., 20
Metronome stimulation
Authors  Stimulation 
Freedland et al. (2002) +10% respect to baseline 
Fernandez del Olmo and Cudeiro (2003) Fixed frequency (100 bpm) 
Fernandez del Olmo and Cudeiro (2005) 60, 90, 120 and 150 bmp  
Willems et al. (2006) +10%, +20%, −10%, −20% respect to base
Arias & Cudeiro (2008) 70–110% respect to baseline 
Ledger et al. (2008) −10% respect to baseline 
Elston et al. (2010) Baseline 
Rochester et al. (2010) Baseline 
Lohnes  et al. (2011) Baseline (+10%, −10%) 
Music  stimulation
Thaut  et al. (1996) Metronome pulse (60–120 bpm) embed
McIntosh et al. (1997) Metronome pulse (baseline, +10%) embe
Ito et al. (2000) Metronome pulse embedded into music
Brown et al. (2009) Preferred music 
de  Bruin et al. (2010) Cadence-matched preferred music  beats in rhythm.
e between onsets of stimuli (such as tones, clicks, or other sounds).
and limbs in walking.
Immediate effects of entrainment also have been studied
through EMG, measuring the effect of metronome stimulation on
the activity of lower-leg muscles (tibialis anterioris and gastrocne-
mius muscles) in the control of walking movements and positioning
of the feet. The variability of measured motor parameters (cadence,
stride length and speed) signiﬁcantly decreased, improving the pre-
cise timing of muscle activation (Fernandez del Olmo and Cudeiro,
2003).
In addition to reduced variability of motor parameters, other
immediate effects of RAS include longer stride length (Freedland
et al., 2002), higher speed (Arias and Cudeiro, 2008) and normalized
cadence (Arias and Cudeiro, 2010). Original RAS program report
similar improvements (McIntosh et al., 1997; Thaut et al., 1996).
Surprisingly, previous studies have not reported signiﬁcant dif-
ferences between the effect of a single training session and full
programmes (Rubinstein et al., 2002) although no speciﬁc com-
parative studies have been conducted (Table 1).
In  summary, the results of RAS and equivalent programmes are
dependent on the stage of treated patients, the speciﬁc auditory
stimuli, and appropriate therapeutic procedures (del Olmo et al.,
2006). From a methodological point of view, however, all these
studies share the use of a clear and easily discernible beat as the
acoustic stimulus. When clear identiﬁcation of the rhythmic stim-
ulus is not possible, (non-rhythmic cues) RAS may not have any
positive effect or it may  even have detrimental effects on PD gait
(Georgiou et al., 1993; Ma  et al., 2009) (Table 2).
In  this review we  have described several studies on RAS and
the effect of different stimuli as cues for movement in PD patients.
What is still missing is information about how these improvements
can be prolonged. Future research could focus on how to tap into
 Music stimulation). To our knowledge, just one study has evaluated the effect of
wn that provides better results regarding the time and number of steps needed to
et al., 2009; de Bruin et al., 2010; del Olmo and Cudeiro, 2005; Elston et al., 2010;
08; Lohnes and Earhart, 2011; Rochester et al., 2010b).
Beneﬁts
Cadence, step length
Variability reduction in EMG  parameters
Velocity (60, 90) cadence (150)
line Step frequency (+10%, +20%) stride length
(−10%), speed (+10%)
Step amplitude stride time
Speed, stride length, cadence
PDQ-39 scpre
Speed, step length
No effect
ded into preferred music Speed, stride length Cadence
dded into instrumental music Speed, stride length Cadence
 Stride length, gait speed
No improvements
Speed, stride length Cadence
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he circuits underlying non-automatized movements, which can
ypass or stimulate the dysfunctional basal ganglia. These com-
ensatory mechanisms may  also mediate the improvements during
bserved musical rhythm training.
. Conclusions
NMT  relies on acoustic stimuli to potentiate the connection
etween auditory perception and movement, which is possible
ecause rhythm activates the neural circuits involved in motor
rocessing, and these neuroanatomical connections permit music
or rhythm) to act as a cue for movement. In Parkinson’s disease,
bserved improvements in gait are thought to be due to synchro-
izing movement to the temporal expectation of a regular beat,
eplacing the impaired internal timing function. The presence of
egular beats in auditory stimuli may  also increase activity in the
utamen and thus compensate for the lack of dopaminergic stim-
lation. This beneﬁt is not only the improvement of general gait
atterns (including postural control), but also the ability to generate
omplex coordinated movement sequences combining upper and
ower limbs (Thaut and Abiru, 2010). However, rhythms should be
esigned effectively, as they appear to lose therapeutic value when
hey are not tuned to the individual’s pace, or when they become
ore cognitively demanding. Reticulo-spinal pathways along with
erebellar areas may  have a role in mediating the positive effect of
usic.
Future neurological music therapies for PD should be individu-
lly tailored, attending to the speciﬁc clinical features and stimulus
esponding of the individual. In our opinion, the long-term mod-
ﬁcation of motor patterns may  require persistent training under
onditions adapted for individual patients.
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We would like to thank Dr Fernando de Castro and Constantine
ai for their editing and advice.
eferences
rias, P., Cudeiro, J., 2008. Effects of rhythmic sensory stimulation (auditory visual)
on gait in Parkinson’s disease patients. Experimental Brain Research. Experi-
mentelle  Hirnforschung. Experimentation Cerebrale 186, 589–601.
rias, P., Cudeiro, J., 2010. Effect of rhythmic auditory stimulation on gait in Parkin-
sonian patients with and without freezing of gait. PloS One 5, e9675.
engtsson, S.L., Ullen, F., Ehrsson, H.H., Hashimoto, T., Kito, T., Naito, E., Forssberg, H.,
Sadato, N., 2009. Listening to rhythms activates motor and premotor cortices.
Cortex;  A Journal Devoted to The Study of The Nervous System and Behavior 45,
62–71.
enjamin, W.E., 1984. A Theory of musical meter. Music Perception 1, 355–413.
ijsterbosch, J.D., Lee, K.H., Hunter, M.D., Tsoi, D.T., Lankappa, S., Wilkinson, I.D.,
Barker, A.T., Woodruff, P.W., 2011. The role of the cerebellum in sub- and supral-
iminal  error correction during sensorimotor synchronization: evidence from
fMRI  and TMS. Journal of Cognitive Neuroscience 23, 1100–1112.
lin,  O., Ferrandez, A.M., Serratrice, G., 1990. Quantitative analysis of gait in Parkin-
son patients: increased variability of stride length. Journal of The Neurological
Sciences  98, 91–97.
rown,  L.A., de Bruin, N., Doan, J.B., Suchowersky, O., Hu, B., 2009. Novel challenges
to  gait in Parkinson’s disease: the effect of concurrent music in single- and dual-
task contexts. Archives of Physical Medicine and Rehabilitation 90, 1578–1583.
hen,  J.L., Penhune, V.B., Zatorre, R.J., 2008. Listening to musical rhythms recruits
motor  regions of the brain. Cereb Cortex 18, 2844–2854.
hen, J.L., Zatorre, R.J., Penhune, V.B., 2006. Interactions between auditory and dorsal
premotor cortex during synchronization to musical rhythms. NeuroImage 32,
1771–1781.
e Bruin, N., Doan, J.B., Turnbull, G., Suchowersky, O., Bonﬁeld, S., Hu, B., Brown, L.A.,
2010. Walking with music is a safe and viable tool for gait training in Parkinson’s
disease:  the effect of a 13-week feasibility study on single and dual task walking.
Parkinson’s  disease 2010, 483530.e la Mothe, L.A., Blumell, S., Kajikawa, Y., Hackett, T.A., 2006. Cortical connections
of  the auditory cortex in marmoset monkeys: core and medial belt regions. The
Journal of comparative neurology 496, 27–71.
ebaere, F., Wenderoth, N., Sunaert, S., Van Hecke, P., Swinnen, S.P., 2003. Internal
vs external generation of movements: differential neural pathways involvedvioral Reviews 37 (2013) 2564–2570 2569
in  bimanual coordination performed in the presence or absence of augmented
visual  feedback. NeuroImage 19, 764–776.
del Olmo, M.F., Arias, P., Furio, M.C., Pozo, M.A., Cudeiro, J., 2006. Evaluation of the
effect of training using auditory stimulation on rhythmic movement in Parkin-
sonian  patients – a combined motor and [18F]-FDG PET study. Parkinsonism &
Related Disorders 12, 155–164.
del Olmo, M.F., Cudeiro, J., 2005. Temporal variability of gait in Parkinson disease:
effects  of a rehabilitation programme based on rhythmic sound cues. Parkin-
sonism  & Related Disorders 11, 25–33.
Ebersbach, G., Heijmenberg, M.,  Kindermann, L., Trottenberg, T., Wissel, J., Poewe, W.,
1999. Interference of rhythmic constraint on gait in healthy subjects and patients
with  early Parkinson’s disease: evidence for impaired locomotor pattern gener-
ation in early Parkinson’s disease. Movement Disorders: Ofﬁcial Journal of The
Movement Disorder Society 14, 619–625.
Eckert, T., Peschel, T., Heinze, H.J., Rotte, M.,  2006. Increased pre-SMA activation
in  early PD patients during simple self-initiated hand movements. Journal of
Neurology 253, 199–207.
Elston,  J., Honan, W.,  Powell, R., Gormley, J., Stein, K., 2010. Do metronomes improve
the quality of life in people with Parkinson’s disease? A pragmatic, single-blind,
randomized  cross-over trial. Clinical Rehabilitation 24, 523–532.
Enzensberger,  W.,  Oberlander, U., Stecker, K., 1997. Metronome therapy in patients
with Parkinson disease. Der Nervenarzt 68, 972–977.
Fernandez del Olmo, M.,  Cudeiro, J., 2003. A simple procedure using auditory stimuli
to improve movement in Parkinson’s disease: a pilot study. Neurology & Clinical
Neurophysiology,  1–7.
Fernandez  del Olmo, M.,  Cudeiro, J., 2005. Temporal variability of gait in Parkinson
disease:  effects of a rehabilitation programme based on rhythmic sound cues.
Parkinsonism  & Related Disorders 11, 25–33.
Freedland, R.L., Festa, C., Sealy, M.,  McBean, A., Elghazaly, P., Capan, A., Brozycki,
L.,  Nelson, A.J., Rothman, J., 2002. The effects of pulsed auditory stimulation on
various gait measurements in persons with Parkinson’s disease. NeuroRehabil-
itation  17, 81–87.
Georgiou, N., Iansek, R., Bradshaw, J.L., Phillips, J.G., Mattingley, J.B., Bradshaw, J.A.,
1993. An evaluation of the role of internal cues in the pathogenesis of parkinso-
nian  hypokinesia. Brain: A Journal of Neurology 116 (Pt 6), 1575–1587.
Grahn, J.A., 2009. The role of the basal ganglia in beat perception: neuroimaging and
neuropsychological investigations. Annals of the New York Academy of Sciences
1169, 35–45.
Grahn, J.A., Brett, M., 2007. Rhythm and beat perception in motor areas of the brain.
Journal of Cognitive Neuroscience 19, 893–906.
Grahn, J.A., Brett, M.,  2009. Impairment of beat-based rhythm discrimination in
Parkinson’s disease. Cortex; A Journal Devoted to The Study of The Nervous
System  and Behavior 45, 54–61.
Grahn, J.A., Rowe, J.B., 2009. Feeling the beat: premotor and striatal interactions
in  musicians and nonmusicians during beat perception. The Journal of Neuro-
science:  The Ofﬁcial Journal of the Society for Neuroscience 29, 7540–7548.
Hallett, M.,  2008. The intrinsic and extrinsic aspects of freezing of gait. Move-
ment  Disorders: Ofﬁcial journal of the Movement Disorder Society 23 (Suppl
2),  S439–S443.
Harvey, W.,  1627-1959. De Motu Locali Animalium. Cambridge University Press,
Cambridge.
Haslinger, B., Erhard, P., Kampfe, N., Boecker, H., Rummeny, E., Schwaiger, M.,  Conrad,
B., Ceballos-Baumann, A.O., 2001. Event-related functional magnetic resonance
imaging  in Parkinson’s disease before and after levodopa. Brain: A Journal of
Neurology 124, 558–570.
Howe,  T., Lovgreen, B., Cody, F., Ashton, V., Oldham, J., 2003. Auditory cues can modify
the gait of persons with early-stage Parkinson’s disease: a method for enhancing
parkinsonian  walking performance? Clinical Rehabilitation 17, 363–367.
Hughes, L.E., Barker, R.A., Owen, A.M., Rowe, J.B., 2010. Parkinson’s disease and
healthy aging: independent and interacting effects on action selection. Human
Brain Mapping 31, 1886–1899.
Hurt,  C.P., Rice, R.R., McIntosh, G.C., Thaut, M.H., 1998. Rhythmic auditory stimula-
tion  in gait training for patients with traumatic brain injury. Journal of Music
Therapy  35, 228–241.
Ito,  N., Hayshi, A., Lin, W.,  Ohkoshi, N., Watanabe, M., Shoji, S., 2000. Music ther-
apy in Parkinson’s disease: improvement of Parkinsonian gait and depression
with  rhythmic auditory stimulation. In: Nakada, T. (Ed.), Integrated Human Brain
Science: Theory, Method Application (music). Elsevier Science, New York, pp.
435–443.
Jahanshahi, M.,  Jenkins, I.H., Brown, R.G., Marsden, C.D., Passingham, R.E., Brooks, D.J.,
1995. Self-initiated versus externally triggered movements. I. An investigation
using  measurement of regional cerebral blood ﬂow with PET and movement-
related  potentials in normal and Parkinson’s disease subjects. Brain: A Journal
of  Neurology 118 (Pt 4), 913–933.
Jones, C.R., Malone, T.J., Dirnberger, G., Edwards, M.,  Jahanshahi, M.,  2008. Basal
ganglia. dopamine and temporal processing: performance on three timing
tasks  on and off medication in Parkinson’s Disease. Brain and Cognition 68,
30–41.
Kish,  S.J., Lopes-Cendes, I., Guttman, M.,  Furukawa, Y., Pandolfo, M., Rouleau, G.A.,
Ross, B.M., Nance, M., Schut, L., Ang, L., DiStefano, L., 1998. Brain glyceraldehyde-
3-phosphate dehydrogenase activity in human trinucleotide repeat disorders.
Archives  of Neurology 55, 1299–1304.
Knutsson, E., 1972. An analysis of Parkinsonian gait. Brain: A Journal of Neurology
95,  475–486.
Kotz, S.A., Schwartze, M.,  2010. Cortical speech processing unplugged: a timely
subcortico-cortical framework. Trends in Cognitive Sciences 14, 392–399.
2 iobeha
K
L
L
L
L
L
L
L
L
L
L
M
M
M
M
M
M
M
M
N
N
N
N
N
P
P
P
P
P570 C. Nombela et al. / Neuroscience and B
otz, S.A., Schwartze, M.,  2011. Differential input of the supplementary motor area to
a dedicated temporal processing network: functional and clinical implications.
Frontiers  in Integrative Neuroscience 5, 86.
arge, E.W., 2008. Resonating to musical rhythm: Theory and experiment. In:
Grondin, S. (Ed.), The Psychology of Time. Emerald, Cambridge, pp. 189–231.
edger, S., Galvin, R., Lynch, D., Stokes, E.K., 2008. A randomised controlled trial
evaluating the effect of an individual auditory cueing device on freezing and
gait  speed in people with Parkinson’s disease. BMC  Neurology 8, 46.
ee, T.D., Blandin, Y., Proteau, L., 1996. Effects of task instructions and oscillation
frequency  on bimanual coordination. Psychological Research 59, 100–106.
erdahl, F., Jackendoff, R., 1983. A Generative Theory of Tonal Music. MIT Press,
Cambridge,  Massachusetts.
ewis,  M.M.,  Slagle, C.G., Smith, A.B., Truong, Y., Bai, P., McKeown, M.J., Mailman, R.B.,
Belger, A., Huang, X., 2007. Task speciﬁc inﬂuences of Parkinson’s disease on
the striato-thalamo-cortical and cerebello-thalamo-cortical motor circuitries.
Neuroscience  147, 224–235.
ewis, P.A., Miall, R.C., 2003. Distinct systems for automatic and cognitively con-
trolled time measurement: evidence from neuroimaging. Current Opinion in
Neurobiology 13, 250–255.
ewis,  P.A., Miall, R.C., Daan, S., Kacelnik, A., 2003. Interval timing in mice does not
rely upon the circadian pacemaker. Neuroscience Letters 348, 131–134.
im, I., van Wegen, E., de Goede, C., Deutekom, M.,  Nieuwboer, A., Willems, A., Jones,
D., Rochester, L., Kwakkel, G., 2005. Effects of external rhythmical cueing on gait
in patients with Parkinson’s disease: a systematic review. Clinical Rehabilitation
19,  695–713.
ohnes, C.A., Earhart, G.M., 2011. The impact of attentional, auditory and combined
cues  on walking during single and cognitive dual tasks in Parkinson disease. Gait
& Posture 33, 478–483.
ondon,  J., 2004. Hearing in time: Psychological aspects of musical meter. Oxford
University Press, New York.
a, H.I., Hwang, W.J., Lin, K.C., 2009. The effects of two  different auditory stimuli
on  functional arm movement in persons with Parkinson’s disease: a dual-task
paradigm.  Clinical Rehabilitation 23, 229–237.
ayville, J.M., Fuchs, A., Ding, M.,  Cheyne, D., Deecke, L., Kelso, J.A., 2001. Event-
related  changes in neuromagnetic activity associated with syncopation and
synchronization  timing tasks. Human Brain Mapping 14, 65–80.
cIntosh,  G.C., Brown, S.H., Rice, R.R., Thaut, M.H., 1997. Rhythmic auditory-motor
facilitation  of gait patterns in patients with Parkinson’s disease. Journal of Neu-
rology,  Neurosurgery and Psychiatry 62, 22–26.
cIntosh, G.C., Rice, R.R., Hurt, C.P., Thaut, M.H., 1998. Long-term training effects
of rhythmic auditory stimulation on gait in patients with Parkinson’s disease.
Movement  Disorders 13 (supple 2), 212.
irjany, M.,  Preuss, T., Faber, D.S., 2011. Role of the lateral line mechanosensory
system  in directionality of goldﬁsh auditory evoked escape response. Journal of
Experimental Biology 214 (Pt 20), 3358–3367.
iller, R.A., Thaut, M.H., McIntosh, G.C., Rice, R.R., 1996. Components of EMG
symmetry and variability in parkinsonian and healthy elderly gait. Electroen-
cephalography  and Clinical Neurophysiology 101, 1–7.
orris,  M.E., Iansek, R., Matyas, T.A., Summers, J.J., 1996. Stride length regulation
in  Parkinson’s disease. Normalization strategies and underlying mechanisms.
Brain:  A Journal of Neurology 119 (Pt 2), 551–568.
ushiake, H., Inase, M.,  Tanji, J., 1990. Selective coding of motor sequence in
the supplementary motor area of the monkey cerebral cortex. Experimental
brain  research. Experimentelle Hirnforschung. Experimentation Cerebrale 82,
208–210.
ieuwboer, A., Baker, K., Willems, A.M., Jones, D., Spildooren, J., Lim, I., Kwakkel, G.,
Van Wegen, E., Rochester, L., 2009a. The short-term effects of different cueing
modalities  on turn speed in people with Parkinson’s disease. Neurorehabilitation
and  Neural Repair 23, 831–836.
ieuwboer, A., Kwakkel, G., Rochester, L., Jones, D., van Wegen, E., Willems, A.M.,
Chavret, F., Hetherington, V., Baker, K., Lim, I., 2007. Cueing training in the home
improves  gait-related mobility in Parkinson’s disease: the RESCUE trial. Journal
of  Neurology, Neurosurgery and Psychiatry 78, 134–140.
ieuwboer, A., Rochester, L., Muncks, L., Swinnen, S.P., 2009b. Motor learning in
Parkinson’s disease: limitations and potential for rehabilitation. Parkinsonism
&  Related Disorders 15 (Suppl 3), S53–S58.
odal, F.R., Lopez, D.E., 2003. Direct input from cochlear root neurons to pontine
reticulospinal  neurons in albino rat. The Journal of Comparative Neurology 460,
80–93.
ombela, C., Rae, C.L., Grahn, J.A., Barker, R.A., Owen, A.M., Rowe, J.B., 2013. How
often does music and rhythm improve patients’ perception of motor symptoms
in  Parkinson’s disease? Journal of Neurology.
acchetti, C., Mancini, F., Aglieri, R., Fundaro, C., Martignoni, E., Nappi, G., 2000.
Active music therapy in Parkinson’s disease: an integrative method for motor
and emotional rehabilitation. Psychosomatic Medicine 62, 386–393.
almer, C., Krumhansl, C.L., 1990. Mental representations for musical meter. Journal
of Experimental Psychology. Human Perception and Performance 16, 728–741.
altsev, Y., Elner, A., 1967. Change in the functional state of the segmental apparatus
of  the spinal cord under the inﬂuence of sound stimuli and its role in voluntary
movement.  Bioﬁzika 12, 1064–1070.
astor, M.A., Artieda, J., Jahanshahi, M.,  Obeso, J.A., 1992. Time estimation and repro-
duction is abnormal in Parkinson’s disease. Brain: A Journal of Neurology 1 (115
Pt), 211–225.
layford, E.D., Jenkins, I.H., Passingham, R.E., Nutt, J., Frackowiak, R.S., Brooks, D.J.,
1992. Impaired mesial frontal and putamen activation in Parkinson’s disease: a
positron emission tomography study. Annals of Neurology 32, 151–161.vioral Reviews 37 (2013) 2564–2570
Repp,  B.H., 2010. Sensorimotor synchronization and perception of timing: effects of
music training and task experience. Human Movement Science 29, 200–213.
Rochester, L., Baker, K., Hetherington, V., Jones, D., Willems, A.M., Kwakkel, G., Van
Wegen, E., Lim, I., Nieuwboer, A., 2010a. Evidence for motor learning in Parkin-
son’s  disease: acquisition, automaticity and retention of cued gait performance
after  training with external rhythmical cues. Brain research 1319, 103–111.
Rochester, L., Burn, D.J., Woods, G., Godwin, J., Nieuwboer, A., 2009. Does auditory
rhythmical  cueing improve gait in people with Parkinson’s disease and cogni-
tive  impairment? A feasibility study. Movement disorders: ofﬁcial journal of the
Movement Disorder Society 24, 839–845.
Rochester, L., Hetherington, V., Jones, D., Nieuwboer, A., Willems, A.M., Kwakkel, G.,
Van Wegen, E., 2005. The effect of external rhythmic cues (auditory and visual)
on  walking during a functional task in homes of people with Parkinson’s disease.
Archives  of Physical Medicine and Rehabilitation 86, 999–1006.
Rochester,  L., Rafferty, D., Dotchin, C., Msuya, O., Minde, V., Walker, R.W., 2010b. The
effect of cueing therapy on single and dual-task gait in a drug naive population
of  people with Parkinson’s disease in northern Tanzania. Movement Disorders:
Ofﬁcial  Journal of the Movement Disorder Society 25, 906–911.
Rossignol,  S., Jones, G.M., 1976. Audio-spinal inﬂuence in man studied by the H-
reﬂex and its possible role on rhythmic movements synchronized to sound.
Electroencephalography and Clinical Neurophysiology 41, 83–92.
Rubinstein, T.C., Giladi, N., Hausdorff, J.M., 2002. The power of cueing to circumvent
dopamine  deﬁcits: a review of physical therapy treatment of gait disturbances
in  Parkinson’s disease. Movement Disorders: Ofﬁcial Journal of the Movement
Disorder  Society 17, 1148–1160.
Satoh, M.,  Kuzuhara, S., 2008. Training in mental singing while walking improves gait
disturbance in Parkinson’s disease patients. European Neurology 60, 237–243.
Schubotz, R.I., von Cramon, D.Y., 2001. Interval and ordinal properties of sequences
are  associated with distinct premotor areas. Cerebral Cortex 11, 210–222.
Skodda, S., Flasskamp, A., Schlegel, U., 2010. Instability of syllable repetition as a
model for impaired motor processing: is Parkinson’s disease a rhythm disorder?
Journal  of Neural Transmission 117, 605–612.
Tecchio, F., Salustri, C., Thaut, M.H., Pasqualetti, P., Rossini, P.M., 2000. Conscious and
preconscious adaptation to rhythmic auditory stimuli: a magnetoencephalo-
graphic study of human brain responses. Experimental Brain Research 135,
222–230.
Thaut,  M.H., 2003. Neural basis of rhythmic timing networks in the human brain.
Annals of the New York Academy of Sciences 999, 364–373.
Thaut,  M.H., 2005. The future of music in therapy and medicine. Annals of the New
York Academy of Sciences 1060, 303–308.
Thaut, M.H., Abiru, M.,  2010. Rhythmic auditory stimulation in rehabilitation of
movement disorders: a review of current research. Music Perception, 263–
269.
Thaut,  M.H., Gardiner, J.C., Holmberg, D., Horwitz, J., Kent, L., Andrews, G., Donelan,
B.,  McIntosh, G.R., 2009. Neurologic music therapy improves executive function
and emotional adjustment in traumatic brain injury rehabilitation. Annals of the
New York Academy of Sciences 1169, 406–416.
Thaut, M.H., Kenyon, G.P., Schauer, M.L., McIntosh, G.C., 1999a. The connection
between  rhythmicity and brain function. IEEE Engineering in Medicine and Biol-
ogy Magazine: the Quarterly Magazine of the Engineering in Medicine & Biology
Society  18, 101–108.
Thaut,  M.H., Leins, A.K., Rice, R.R., Argstatter, H., Kenyon, G.P., McIntosh, G.C., Bolay,
H.V., Fetter, M.,  2007. Rhythmic auditory stimulation improves gait more than
NDT/Bobath  training in near-ambulatory patients early poststroke: a single-
blind,  randomized trial. Neurorehabilitation and neural repair 21, 455–459.
Thaut, M.H., McIntosh, G.C., Rice, R.R., 1997. Rhythmic facilitation of gait training
in  hemiparetic stroke rehabilitation. Journal of the Neurological Sciences 151,
207–212.
Thaut,  M.H., McIntosh, G.C., Rice, R.R., Miller, R.A., Rathbun, J., Brault, J.M., 1996.
Rhythmic auditory stimulation in gait training for Parkinson’s disease patients.
Movement  Disorders: Ofﬁcial Journal of the Movement Disorder Society 11,
193–200.
Thaut, M.H., McIntosh, K.W., McIntosh, G.C., Hoemberg, V., 2001. Auditory rhythmic-
ity enhances movement and speech motor control in patients with Parkinson’s
disease.  Functional Neurology 16, 163–172.
Thaut, M.H., Miller, R.A., Schauer, L.M., 1998. Multiple synchronization strategies in
rhythmic sensorimotor tasks: phase vs period correction. Biological Cybernetics
79,  241–250.
Thaut, M.H., Miltner, R., Lange, H.W., Hurt, C.P., Hoemberg, V., 1999b. Velocity modu-
lation and rhythmic synchronization of gait in Huntington’s disease. Movement
Disorders:  Ofﬁcial Journal of the Movement Disorder Society 14, 808–819.
Ullen, F., Bengtsson, S.L., 2003. Independent processing of the temporal and ordi-
nal structure of movement sequences. Journal of Neurophysiology 90, 3725–
3735.
Wearden,  J.H., Smith-Spark, J.H., Cousins, R., Edelstyn, N.M., Cody, F.W., O’Boyle, D.J.,
2008. Stimulus timing by people with Parkinson’s disease. Brain and Cognition
67,  264–279.
Wiener, M.,  Lohoff, F.W., Coslett, H.B., 2011. Double dissociation of dopamine genes
and timing in humans. Journal of Cognitive Neuroscience 23, 2811–2821.
Willems, A.M., Nieuwboer, A., Chavret, F., Desloovere, K., Dom, R., Rochester, L.,
Jones, D., Kwakkel, G., Van Wegen, E., 2006. The use of rhythmic auditory cues
to  inﬂuence gait in patients with Parkinson’s disease, the differential effect for
freezers and non-freezers, an explorative study. Disability and Rehabilitation
28,  721–728.
Wu,  T., Chan, P., Hallett, M.,  2010. Effective connectivity of neural networks in auto-
matic movements in Parkinson’s disease. NeuroImage 49, 2581–2587.
